Molybdenum oxide films are required for a large range of optical, electronic and catalytic applications, and optimal film characteristics are similarly broad. Furthermore, the layered crystal structure of MoO 3 is suited to nanostructuring, which can be adapted to enhance the film properties. Here, we present a simple, aqueous route to MoO 3 thin films and attain nanostructured morphologies by control of solution parameters. Smooth and homogeneous thin films were achieved by control of the molecular species in solution by pH. The sensitivity of film quality to pH was demonstrated with the addition of PVA to the solution, which resulted in large spherical particulates on the surface. Film thickness was adjusted from 10 to 60 nm, whilst maintaining good film quality, by changing the solution concentration. Moreover, the grain size and nanocrystallite orientation varied with solution concentration. The importance of film morphology is revealed in the compositional changes of the films during hydrogen reduction, with differences in breakdown of film coverage and growth of reduced phases. Furthermore, spectroscopic ellipsometry was used to determine the optical properties of the films. This revealed changes in the dielectric function and band gap that were dependent on the level of reduction. The nanoscale morphologies presented demonstrate the potential to precisely control film morphology, dimensions, oxygen stoichiometry and phase composition by a low-cost wet chemical route.
Introduction
Molybdenum oxide is renowned for its multifunctionality, being utilized in catalysis [1] , optoelectronic devices [2] [3] [4] [5] , electrochromic coatings [6] , sensors [7] , energy storage [8, 9] and other emerging technologies [10] [11] [12] , often in the form of a thin film. The electronic structure of molybdenum oxide is affected by its phase composition and oxygen stoichiometry, both of which can be adjusted to tune the electrical and optical properties [5, 9, 13, 14] . In most cases, film morphology must also be controlled to achieve good device performance [3, 6, 8, 15] . These factors vary widely with application. Where lowconductivity and charge carrier recombination is problematic, ultrathin, smooth and amorphous films are utilized, for example as an anode buffer layer for optoelectronic devices [3] . Microstructures with high aspect ratios are used to enhance sensitivity to adsorbed species for sensors or to increase the surface area for catalysis [1, 16] . In order to be incorporated into device manufacture, these application-tailored optoelectronic devices rely on a low root mean square (RMS) roughness to limit recombination sites, and can utilize thin amorphous films [3] . In addition, optimum thickness is dependent on the application, for example, MoO 3 is used as a hole transport layer in both organic photovoltaics (OPV) and organic light emitting diodes (OLEDs), but the former requires ultra-thin films less than 10 nm thick to keep electrical resistance low, whereas the latter can incorporate films as thick as 150 nm, exploiting the resistivity as a short circuit barrier [14, 22, 23] . The mechanisms taking place in MoO 3 films are not always completely understood, and, especially in emerging technologies, the ideal film structure will evolve alongside device optimization.
Alongside film morphology, additional factors that affect device operation include phase composition, crystallinity and stoichiometry [9, 14, [24] [25] [26] [27] . Some of these behaviours are not well understood. Stoichiometry in particular plays an important role in many applications, and the presence or absence of oxygen vacancies is critical to several devices [5, 22, 25, 27] . Despite this, films of MoO x can be incorporated without knowledge of the stoichiometry or even the composition and species present [28] [29] [30] [31] . Changes in chemical bonding will obviously affect the properties of the films, and better understanding of the chemistry resultant from solution processing is necessary to controllably apply these films.
Nanoscale control of morphology is currently achievable through physical processing means, commonly vacuum evaporation, sputtering and pulsed laser deposition [9, 14, 22, 24, 32] . With atomic layer deposition, control of MoO 3 film thickness on the nanoscale has been achieved, with similar control of the growth in related chemical vapour deposition-type conditions [33] . Wet-chemical routes have the advantage of deposition in ambient conditions and low equipment costs. Furthermore, solution processing is often compatible with existing device manufacture such as organic photovoltaics. Previously, several solution routes to MoO 3 films have been used. Oxomolybdate precursors in aqueous solution have been used to provide molybdate based ultra-thin and low roughness films which have been comparable to evaporated films, despite that in most cases the films are discontinuous or have an undetermined composition [28, 30, 34, 35] . Another route is via dissolution of molybdenum in hydrogen peroxide, which has resulted in thick nanocrystalline films, though also not continuously covering the substrate [1, 6] . A recent synthesis involved dissolving MoO 3 ammonia solution, providing nanoplates whose concentration can be increased to provide a homogeneous film [3] . These films were used for investigation of the hole injection property in organic electronics, and the discontinuous film was found to give the best device performance. Templates have been used to provide ordering in the form of mesoporous films, but in general solution processing has failed to provide control of nanostructuring of MoO 3 [8] .
Here, we present an investigation into nanostructuring of solution processed MoO 3 films and produce an aligned nanocrystallite thin film morphology via a simple solution route. We demonstrate control of morphology, thickness, crystallinity and phase composition by solution parameters and post-deposition annealing. Morphology and thickness, and hence electrical and optical properties, are controlled by standard solution properties such as pH and concentration. The changing morphology results in a change in the mechanism and kinetics of reduction. This is of importance when considering reduced MoO 3 films for use in optoelectronic devices.
Experimental details

Synthesis route and reduction
Solution and film preparation was done in an ISO7 cleanroom (NTNU NanoLab). Solutions for spin-coating films were made by dissolving ammonium heptamolybdate tetrahydrate ((NH 4 . To prevent precipitation of MoO 3 , the solution was adjusted to pH 10 by adding ammonia solution. In some cases, an aqueous solution of 6 wt% poly(vinyl alcohol) (PVA) was added to increase the viscosity. Solutions were stirred on a hotplate at 50°C for 30 min and then sonicated for 10 s for degassing. Quartz substrates (Spectrosil® synthetic fused silica, UQG Optics) were prepared by cleaning in ethanol and activating the surface with a 5 min oxygen plasma treatment. (Diener Electronic, FEMTO Plasma Cleaner). The films were prepared by spin coating, applying the solutions to the substrates through a syringe with a 0.2 μm filter (Acrodisc, Pall) and spin coating at 2500 rpm for 1 min (Laurell WS-400B-6NPP-Lite Spinner). Heat treatment of the films was done in a rapid thermal processing furnace (RTP, Jipelec JetFirst 200 Processor). A heating rate of 6 Ks −1 was used and the films were held at 400°C for 10 min in an oxygen flow of 200 sccm. Multiple layers were added to the heat-treated films by the same route. For reduction of the films, RTP was done in 5% H 2 -95% Ar flow of 1000 sccm, holding at 200-500°C for 30 min.
Characterization
X-ray diffraction (XRD) was used to determine the phase composition of the films. A Bruker D8 Advance DaVinci X-ray Diffractometer with LynxEye™ SuperSpeed Detector was used with a CuKα radiation source in grazing-incidence geometry (grazing angle fixed at 1°, 0.03°s tep size, 3.2 s step time and 10-60°2θ). Atomic force microscopy (AFM, Veeco diMultimode V, Nanoscope software), used to observe film morphology, was performed with Peak Force Tapping™ in ScanAsyst mode. Film thickness was measured by profilometry (Veeco Dektak 150), with a resolution of 6 nm, after etching a step to the substrate with a 0.05 M NaOH solution. Scanning electron microscopy (FEG-SEM, Zeiss Ultra 55 Limited Edition, 10 kV) was carried out to observe the homogeneity of films over a large area. This required films to be coated with a thin layer of carbon to prevent charging. X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation states present after reduction. This was obtained with a Kratos Axis Ultra with monochromatic Al Kα X-ray source with a pass energy of 20 eV. Background modelling and subtraction, peak fitting, and quantification of the components were processed using CasaXPS software. Further details are given in supplementary information SI.1.
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.apsusc.2018.07.196.
Spectroscopic ellipsometry (SE) measurements were performed on a J. A. Woollam Co. RC2 ellipsometer. The spectral range was 210-1690 nm (photon energy range 0.73-5.9 eV) at an angle of incidence 55-75°, with 5°intervals. Transmittance measurements of the substrate were also carried out with the ellipsometer and used to develop the SE model. Briefly, the parametric dispersion model consisted of two Tauc-Lorentz oscillators for describing the dielectric function above the band gap, one Gaussian for absorption below the band gap, and a Drude oscillator for free carrier contribution at low photon energies [36, 37] . A roughness layer was modelled by Bruggeman effective medium theory [38] . Details of the optical model are given in supplementary information SI.2. The refractive index, film thickness and band gap were extracted from this, and agreement between the model and measured spectra was quantified by the mean squared error (MSE) [39] .
Results and discussion
A molybdenum oxide film as-deposited from 0.1 mol [Mo] L −1 solution was shown to be amorphous by XRD, and no crystallinity was detected on thermal annealing up to 300°C in oxygen ( Despite the lack of long range order after 300°C annealing (XRD), morphology changes did occur at this temperature, evidenced by AFM (Fig. 2b ). There appears to be clustering of nanoparticles, although homogeneous coverage is maintained across the surface. The morphology is very different after 400°C annealing, and the film has a multicrystalline grain-like arrangement (Fig. 2c) . The "grains" consist of platelet-like nanocrystallites, aligned in a pattern stacked from the centre of the grain and radiating outwards until intersecting alternatively oriented nanocrystallites of the neighbouring grain. The length of the plates is in excess of 100 nm and can be up to 1 μm. At the central point, a stepped arrangement reveals the plate edges. The height of the plates was determined by taking samples of line profiles and averaging the height difference in one step (Fig. 2d , with line profiles given in supplementary information SI.3). This gave an average height of 5 Å ± 2 Å. This value is of the order of one layer in the layered crystal lattice of MoO 3 (Fig. 2e) which is just less than half the unit cell height and equal to 6 Å [41] . Thus, it is likely that the exposed faces of the planes are the (0 2 0) planes of the lattice. This is justified by the lower surface energy of this face, intuitive from the fact that no MoeO bonds are broken, and the strong {0 2 0} reflections seen by XRD.
Line profiles from the central part of a grain to its edges are given in the supplementary information (SI.4). The grain height increases from the central part to the edges of the grain, with a height difference of roughly 0.4-1 nm per 100 nm. This indicates that there is stacking from the centre to the edge of the grain, but the small height difference compared to the 6 Å layer height suggests that this stacking is not level with the surface.
Despite this nanostructuring, the films maintained full coverage of the substrate, and no large precipitates formed disrupting the continuity of the film. The films were smooth with an RMS roughness (Rq) of 0.85 nm, which is comparable to previously published values of amorphous films and is suitable for OPV applications. The film thickness was 10 nm, which is appropriate for the thinnest MoO 3 film applications. In order to obtain thicker films, the concentration of the deposition solution was increased. The annealing conditions were kept Fig. 1 . Grazing-incidence XRD of deposited films after annealing in oxygen in at 300°C and 400°C, and XRD reference for MoO 3 (PDF 00-005-0508). The (0 2 0), (0 4 0) and (0 6 0) reflections of MoO 3 are labelled for the film annealed at 400°C. The large amorphous background is attributable to the quartz substrate. the same in all cases. The film thickness increased with increasing concentration in the solution, shown in Table 1 . In addition, the average grain size decreased and Rq values increased with increasing concentration, also shown in Table 1 . The decrease in grain size indicates that films are formed by heterogeneous nucleation and a higher nucleation rate occurs in formation of the thicker films. The orientation of the nanocrystallites also varies with film thickness (Figs. 3 and 5 ). Low concentrations result in the concentric and stepped alignment of plates. Whereas with higher concentrations, the majority of grains consisted of closely packed nanocrystallites oriented with {0 2 0} planes perpendicular to the surface. This change in nanocrystallite alignment can account for the increased Rq in the thicker films.
Although the 100 nm films would be applicable to many applications where thicker films are required, high concentrations good film quality and so it was the maximum concentration used for further film depositions. Alternative methods to increase the film thickness were attempted, including multiple layer depositions, and the addition of PVA solution to increase the viscosity. Multiple layers without the PVA additive had a negligible effect on film thickness. The addition of PVA does not alter the film quality, as shown in the homogeneous film surface scanning electron micrograph in Fig. 4a , nor does it have an effect on thickness. However, multiple layers with PVA additive resulted in the appearance of micron sized spheres distributed across the surface, seen in the SEM image of a film with three layers deposited, Fig. 4b . The spheres are thought to be formed in solution after only a few hours ageing at room temperature. The oxomolybdate species tend to form large clusters at the low pH provided by the PVA molecules [42] . Another possibility is that the spheres form on the surface during deposition, on contact with the acidic MoO 3 surface of prior depositions.
An alternative non-acidic additive for higher viscosity might limit this problem, but the acidic MoO 3 surface could still cause precipitation. Thus, single layer deposition was all that was required for optimum film quality and no additives were found necessary.
Post-treatment in a reducing atmosphere was performed to assess the effect of hydrogen reduction on films with minimum and maximum thickness. would need to be dissociated, for example by a noble metal catalyst [43] . Without a catalyst, the reduction mechanism in hydrogen environment is known to progress through oxygen vacancy formation and reduced phase growth [44, 45] . The concentration of isolated vacancies is expected to be small, as the formation of extended defects and reduced phases is favoured beyond MoO 2.999 [46] . About 8% of the Mo in the 0. [47] [48] [49] [50] [51] [52] . The transmittance spectra are also in keeping with other reports from literature, and the transmittance generally decreases with increasing reduction [27, [53] [54] [55] . The total thickness of the films matches well to the thickness obtained by profilometry and the optical band gap of the non-treated sample is in good agreement with other observed values in the 3.2 eV region for MoO 3 (supplementary information SI.5) [47, 48, 56, 57] .
The dielectric function provides further insight to the phases introduced by reduction, especially for reduction temperatures above 400°C (Fig. 7) . The shape of the dielectric function is similar for all of 400°C and 450°C, the higher amplitude at ∼1.2 eV shows that there is a greater proportion of intermediate phases present in these films. This is in good agreement with the XPS results. Only the samples reduced at the highest temperature (450°C) had significant contributions from free carriers at low photon energies. This is modelled by a Drude contribution and clearly indicates a metallic behaviour, most likely synonymous with the presence of MoO 2 [36, 55] . Comparing ε 2 between the series ( Fig. 7b and d) , the more reduced samples of the 0.1 mol [Mo] L −1 deposited films have a higher dielectric function, again indicating that this series is more sensitive to reduction and evolve a greater proportion of reduced phases. The evolution of reduced phases is in agreement with a previous work on the progression of reduction of MoO 3 [58] . It should be noted that the band gaps given by the Tauc analysis in the previous work include the contributions from the sub-band gap states, such that the Tauc band gap decreases with the onset of reduced phases. Here, the optical analysis accounts for the sub-band gap states with the Gaussian oscillator. Quantifying these reduced phases with ellipsometry would need further analysis, as polaron absorption has also been reported at approximately 1.4 eV [54] .
Overall, the effect of reduction is greatly accelerated for the 0. when applying thin films of MoO 3 to devices: a thin and smooth film is often used in a sub-stoichiometric state, and although the morphology is favourable for low carrier recombination and lower resistivity, a discontinuous coverage may quickly occur. It is possible that the nanocrystalline plates allow fast diffusion of species into and out of the structure and correspondingly faster reduction kinetics. In contrast, the thicker film morphology can provide a basis for well-developed reduced phases, which may also be enhanced by the layered structure.
Conclusions
A route to high quality, homogenous MoO 3 films with complete substrate coverage was demonstrated via deposition of monomeric molybdate species from aqueous solution. The amorphous as-deposited film crystallized by thermal annealing into a nanostructured arrangement of multicrystalline grains with ordering reflecting the layered crystal structure of MoO 3 . The film morphology, including film thickness, grain size, and nanocrystallite orientation, was shown to be controlled by altering the solution concentration. As a consequence of the differing morphology, the kinetics and behaviours during reduction were modified. Films deposited from low concentration solution developed reduced phases at a lower temperature than films from a higher concentration solution, as determined by spectroscopic ellipsometry and X-ray photoelectron spectroscopy. However, these films with lower thickness exhibited film breakdown during reduction. In contrast, films deposited from higher concentration solution remained intact and allowed growth of new phases.
